1. Introduction {#sec1-1}
===============

The diagnosis of schizophrenia is generally believed to be based on positive and negative symptoms. Positive symptoms such as delusions and hallucinations are often the target of attention and treatment. However, negative symptoms, such as blunted affect and social avoidance; and cognitive symptoms, such as poor attention and disorientation are also distinct symptom domains. One schizophrenia subtype known as deficit schizophrenia (DS), represents a stable clinical subtype of schizophrenia that, in comparison with non-deficit schizophrenia, is associated with a greater impairment of neurocognitive abilities and social cognition, poorer response to treatment and worse outcome. This homogeneous subtype of the schizophrenic syndrome was introduced by Carpenter et al to distinguish the primary, enduring negative symptoms of schizophrenia (termed "deficit symptoms") from the more transient negative symptoms secondary to other factors.^\[[@ref1]\]^

In the long term, positive symptoms vary, whereas negative symptoms remain relatively constant, possibly related to medication intake. Currently approved treatments such as first- and second-generation antipsychotics are primarily efficacious^\[[@ref2]\]^ at treating positive symptoms but do not adequately improve cognition or negative symptoms in patients.^\[[@ref3],[@ref4]\]^ Thus, there is an urgent need to develop new therapeutic targets for the treatment of the full constellation of symptoms.

Some authors have reported that nAChRs stimulation of the brain dopamine receptor system normalizes a number of sensory processing deficits associated with schizophrenia, including sensory, PPI and eye- tracking deficits, the hypothesis of nAChR "hypofunction" in schizophrenia has stimulated the development of selective nicotinic receptor agonists as putative treatments for negative symptoms and cognitive dysfunction.^\[[@ref5]\]^

One therapeutic target that has recently been found is the α7-nicotinic acetylcholine receptor (α7 receptor), which was first identified in animal models of a sensory gating deficit associated with schizophrenia.^\[[@ref6]\]^ α7 receptors are localized on the presynaptic and postsynaptic elements in the hippocampus and cerebral cortex, regions critical to the synaptic plasticity underlying learning and memory. In schizophrenia, α7 receptors protein expression is decreased with altered transcription seen in post-mortem brain samples. Additionally, α7 receptors are present on the pre- and postsynapses of neurons containing other neurotransmitters(g-aminobutyric acid, acetylcholine, glutamate) that are important for cognition.^\[[@ref7]\]^ Activation of the α7 receptors increases cholinergic neurotransmission and the release of glutamate (Glu) and dopamine (DA) exerts procognitive effects in rats.^\[[@ref8]\]^

Notably, in the past several years, several compounds have been identified as α7-nicotinic acetylcholine receptor agonists. These compounds include encenicline, RG3487, TC-5619, ABT-126, DMXB-A and so on. Some phase 2 clinical trials have been conducted to investigate the procognitive effects of these new drugs adjunct to some second-generation antipsychotics. However, the outcomes published seem diverse. Here, we conduct a comprehensive meta-analysis to provide robust evidence on the effects of α7-nicotinic acetylcholine receptor agonists on cognitive functions and negative symptoms in patients with schizophrenia.

2. Methods {#sec1-2}
==========

2.1 Criteria for considering studies {#sec2-1}
------------------------------------

Study types considered for meta-analysis included all relevant randomized double-blind controlled trials with individuals who had a diagnosis of schizophrenia according the DSM-IV.^\[[@ref26]\]^ Types of interventions included were α7 nAChR agonists including encenicline, varenicline and tropisetron(4) or α7 nAChR positive allosteric modulators in combination with choline that were given orally, and adjunctively to ongoing stable antipsychotic treatment. Placebo was given as a control group.

Types of outcome measures included: (i) Primary outcome-Cognitive function: Mean change of scale overall scores from baseline to treatment endpoint in which cognitive function is measured. This was done mainly using the Measurement And Treatment Research to Improve Cognition in Schizophrenia(MATRICS) Consensus Cognitive Battery (MCCB). MCCB packaging 10 tests, is a method developed by the Measurement and Treatment Research to Improve Cognition in Schizophrenia (MATRICS) group to evaluate the efficacy of treatments targeting cognitive impairments in schizophrenia. It measures 7 cognitive domains: speed of processing, attention/vigilance, working memory, verbal learning, visual learning, reasoning and problem solving, and social cognition. This was a continuous outcome measure.^\[[@ref9]\]^ Studies which reported the scores change of the 7 domains should also be reported.

\(ii\) Secondary outcomes\--Negative symptoms: Mean change of the positive and negative syndrome scale(PANSS) negative symptoms subscale score or Scale for the Assessment of Negative Symptoms(SANS) score from baseline to endpoint. PANSS is a scale used for measuring symptom severity for patients with schizophrenia. SANS is used specifically for the assessment of negative symptoms in schizophrenia. Safety and tolerability should also be reported as adverse event rates and dropout rates.

2.2 Search methods for identification of studies {#sec2-2}
------------------------------------------------

Relevant randomized controlled trials were identified by searching several electronic databases (PubMed, Embase, ClinicalTrials.gov, the Cochrane Library and CNKI, WanFang Data, VIP Data) for papers published before May 26, 2017. Keywords included synonyms of "schizophrenia", "α7-nicotinic acetylcholine receptor agonist", and "cognitive dysfunction" (and the Chinese equivalents). A set of search terms were \[(alpha7 OR alpha-7) AND agonist OR positive allosteric modulator OR encenicline(3) OR varenicline OR tropisetron(4)) and (Schizophrenia OR Schizoaffective Disorder OR Schizophreniform Disorder OR Dementia Praecox) AND (random\* OR RCT OR control\* OR compare\* OR placebo)\] were also utilized. Various combinations of these keywords were used to search for articles. Limits were set for "clinical trials" and "humans" where applicable. Reference lists of retrieved studies and review articles were manually searched for additional studies relevant for meta-analysis.

2.3 Data collection and analysis {#sec2-3}
--------------------------------

### Selection of trials {#sec3-1}

Two authors (JY and WQ) independently inspected the abstract of each reference identified by the search to see if the study was likely to be relevant. When it was unclear from an abstract whether a study was a randomised trial or if there was disagreement between the two authors, the full article was obtained. The article was then inspected independently by the two authors to assess its relevance to the analysis.

### Data collection {#sec3-2}

Both authors independently extracted the data from the included trials. Again, any disagreement was discussed, the decisions documented. The remaining problems were arbitrated by the third reviewer (LXB).

### Data synthesis {#sec3-3}

Meta-analysis: The meta-analysis was performed using Review Manager Version 5.3. Because the outcomes are continuous, standard mean differences were calculated using the inverse variance statistical method and random effects model to adjust for study heterogeneity. Unreported SD values were calculated from other available data in the articles (SD=SE×√N) according to t*he Cochrane Handbook for Systematic Reviews of Interventions*(Chapters 7.7.3.2). Count data were shown by using relative risk (RR). The results of the combined calculation were shown in the forest plot. Two-sided 95% CIs were used to assess significance, according to whether the CIs included the null value.

Heterogeneity: Study heterogeneity was quantified for the outcome analysis using the I^2^ statistic alongside the Chi^[@ref2]^ 'P' value with I^2^ ≥ 50% indicating significant heterogeneity.^\[[@ref29]\]^ When heterogeneity is present, sensitivity analyses should be conducted to assess potential influences of any one single study on the pooled MD and associated P-values, and if necessary, subgroup analyses should be conducted to explore the source of heterogeneity.^\[[@ref29]\]^

Assessment of risk of bias: Included trials were assessed with the Cochrane Risk of Bias Tool for methodological quality of sequence generation, allocation concealment, blinding, incomplete outcome data, and selective reporting.^\[[@ref10]\]^

The quality assessment of meta-analytic outcomes: The grading of recommendations assessment, and evaluation (GRADE) system was used to assess the quality of evidence for main outcomes.^\[[@ref11]\]^ The overall level of evidence was rated as 'high', 'moderate', 'low', or 'very low'.

Assessment of publication biases: Publication biases arise when the dissemination of research findings is influenced by the nature and direction of results. We are aware that funnel plots may be useful in investigating publication biases but are of limited power to detect small-study effects. We intended not use funnel plots for outcomes where there were 10 or fewer studies, or where all studies were of similar sizes. ^\[[@ref31]\]^

3. Results {#sec1-3}
==========

3.1 Characteristics of included studies {#sec2-4}
---------------------------------------

Eight double-blind randomized placebo-controlled trials were included. (total number of subjects, N= 1438)^\[[@ref7],[@ref8],[@ref12]\]^ The PRISMA flow diagram is displayed in [Figure 1](#fig001){ref-type="fig"}. Study characteristics are summarized in [Table 1](#table001){ref-type="table"}.

All the included studies involved participants who had been diagnosed using operationalised criteria (DSM-IV). Six different kinds of α7-nicotinic agonist were used as the intervention, varenicline,^\[[@ref12],[@ref13]\]^ tropisetron,^\[[@ref14],[@ref15]\]^ ABT-126,^\[[@ref7]\]^ encenicline,^\[[@ref8]\]^ TC-5619,^\[[@ref16]\]^ and RG3487.^\[[@ref17]\]^

The mean(sd) duration of the studies was 14.7(6.7) weeks (range: 8--24 weeks). 5 studies (Umbricht 2014, Haig 2016, Keefe 2015, Smith 2016 and Walling 2016) were included in the analysis of cognitive function, which used MCCB and CSB(Cogstate Schizophrenia Batery),^\[[@ref18]\]^ and 8 studies(Haig 2016, Walling 2015, Keefe 2015, Jeon 2016, Noroozian 2013, Shiina 2010, Walling 2016 and Smith 2016) were included in the analysis of negative symptoms, which used PANSS and SANS.

The controversial problem during data extraction process was that one study (Keefe, 2015) used LOCF ^\[[@ref19]\]^ (Last observation carried forward) analysis to achieve ITT(Intention-to Treat)^\[[@ref20]\]^ analysis. However, this method would lower the reliability of study outcomes. The decision was made by the third author (LXB) to include this LOCF outcome.

3.2 Risk of bias {#sec2-5}
----------------

The risks of bias of included studies are summarized in [Table 2](#table002){ref-type="table"}. Although all studies were randomized trials, the methodology of allocation concealment was often unreported, leading to 'unclear risk' for selection bias in 6 studies (75%). One study (12.5%) was judged to have 'unclear risk' for detection bias since the blinding of outcome assessment was unspecified. One study (12.5%) has attrition bias and 4 studies (50%) did not report other bias.

3.3 Meta-analyses {#sec2-6}
-----------------

### Primary outcome\--Effects of α7-nicotinic agonist on cognitive function {#sec3-4}

There was no statistically significant difference favouring α7-nicotinic agonists in terms of overall cognitive function (SMD=-0.10\[-0.46, 0.25\], I^2^=88%) ([Figure 2](#fig002){ref-type="fig"}) in patients with schizophrenia according to MCCB overall scores. However, one study (Freedman 2008) ^\[[@ref6]\]^ reported two domains (attention/vigilance and working memory) significantly improved over baseline with DMXB-A treatment, but it was only a secondary analysis using the results from one arm of the study with limited power.

### Secondary outcome\--Effects of α7-nicotinic agonist on negative symptoms {#sec3-5}

There was no statistically significant difference between α7-nicotinic agonists and placebo in terms of negative symptoms (SMD=0.13 \[-0.04, 0.30\], I^2^=64%) in patients with schizophrenia. ([Figure 3](#fig003){ref-type="fig"})

### Secondary outcome\-- Tolerability and safety {#sec3-6}

Most adverse events reported in the articles were considered by study investigators to be mild or moderate in severity. Common adverse events include dizziness, headache, nausea, fatigue, nasopharyngitis and so on. We got data of adverse events and dropouts rates ofα7-nicotinic agonists as well as placebo in four studies (Umbricht 2014, Keefe 2015, Walling 2015 and Haig 2016). For the other four studies (Shiina 2010, Noroozian 2013, Smith 2016 and Jeon 2016), the overall adverse rates and dropouts rates were unclear. There were no statistically significant differences between α7-nicotinic agonist group and the placebo group in the incidence of adverse events (RR=1.02, *p*=0.84)([Figure.4](#fig004){ref-type="fig"}) and dropouts(RR=1.04, *p*=0.88)([Figure.5](#fig005){ref-type="fig"}).

### Sensitivity analysis {#sec3-7}

In order to explain the heterogeneity of cognition outcome(I^2^ =88%), sensitivity analysis was conducted, and after one outlier(SMD=-0.90 \[-1.24, -0.57\]) study(Umbricht 2014) was removed, the results remained not statistically significant(SMD= 0.10 \[-0.07, 0.26\], I^2^ =37%). With regards to the negative symptoms outcome (I^2^ =64%), sensitivity analysis also found the results remained not statistically significant (SMD=0.07 \[-0.01, 0.16\], I^2^ =0%) after removing one outlier study (SMD=1.78 \[1.04, 2.53\]), (Noroozian 2013).

### Assessment of publication biases {#sec3-8}

There were only eight studies included in the meta-analysis, so it was not possible to assess publication bias using funnel plots (which requires at least ten studies).^\[[@ref30]\]^ However, we assume our results have publication biases in assessment of evidence quality using the GRADE approach.

### Assessment of evidence quality {#sec3-9}

The evidence quality for 4 outcome measures as assessed by the GRADE approach were moderate. ([Table 3](#table003){ref-type="table"})

4. Discussion {#sec1-4}
=============

4.1 Main findings {#sec2-7}
-----------------

To our knowledge, this is the first comprehensive meta-analysis to examine the effects of α7-nicotinic acetylcholine receptor agonists on both cognitive deficits and negative symptoms in patients with schizophrenia. As a whole, α7-nicotinic agonists were not found to be superior to placebo as an adjunctive therapy to antipsychotics in cognitive function (no statistically significant difference favoring α7 agonists) even after sensitivity analysis removing one outlier study (Umbricht 2014). Outcomes for negative symptoms ^\[[@ref8],[@ref14]\]^ also showed no significant difference between this drug and placebo and sensitivity analysis indicated that this result was firm.

This result is consistent with a recent meta-analysis by Lewis and colleagues.^\[[@ref21]\]^ However, the present study has the additional advantage of analyzing the intervention's effect on the negative symptoms of schizophrenia (besides cognition).

4.2 Limitations {#sec2-8}
---------------

The present report must be considered in light of various limitations. First, the number of included individual studies was small. Second, we did not examine the long-term effects of α7-nicotinic agonists since the duration of individual studies did not exceed 24 weeks. Third, influences of concomitant antipsychotics are not clear. Fourth, we cannot analyze the relationship between tobacco use and the effects of α7-nicotinic agonists because the articles we found provided insufficient data on nonsmokers. Fifth, we excluded 6 RCT studies, Deutsch 2008, ^\[[@ref22]\]^ Shim 2012,^\[[@ref23]\]^ Preskorn 2014,^\[[@ref24]\]^ Lieberman 2013,^\[[@ref25]\]^ Freedman 2008,^\[[@ref6]\]^ Zhang 2012,^\[[@ref27]\]^ because the former 4 studies did not present enough data needed for meta-analysis and we were unable to successfully contact the authors. The fifth study was a crossover trial because we cannot ignore the long-term effect of this kind of agent ^\[[@ref28]\]^; and the last study used a Chinese version of the scales. Sixth, the scales we chose for our meta-analysis measuring cognition and negative symptoms were limited to MCCB, CSB, SANS and PANSS negative subscale, which did not make full use of the data given from many other scales. Seventh, the individual pharmacological profiles of these agents are likely to play a role in the pharmacodynamic heterogeneity; for example, TC-5619 is a full agonist at the a7nAChR, and EVP-6124 and RG3487 are partial agonists at this receptor, with differences in 5-HT3 receptor antagonism.^\[[@ref17]\]^ Eighth, the relationship between dose and effects of this drug cannot be ignored since some previous clinical studies divided subjects into different dose groups. Ninth, the study data we used for our meta-analysis was change scores from baseline which we were unclear if this data was skewed or not. Finally, a possibility of publication bias should not be dismissed.

4.3 Implications {#sec2-9}
----------------

In this meta-analysis, no statistical significant difference was found between α7-nicotinic acetylcholine receptor agonists and placebo for overall cognitive deficits and negative symptoms in patients with schizophrenia. However, some previous preclinical models and pharmaceutical phase II proof-of-concept trials have demonstrated a7nAChR agonist efficacy, and there are signals of clinical efficacy on several specific cognitive domains, such as attention. Previous studies ^\[[@ref21]\]^ indicated that choice of dose and dosing frequency are critical to the demonstration of therapeutic effects in clinical trials. Further research, those for example, with a large sample and low heterogeneity are required to elucidate the role of α7-nicotinic agonists in schizophrenia and explain its mechanism.
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###### 

Characteristics of included studies

  Study            alpha7 agonist   Dose(s) (mg/day)   antipsychotics                           N     age (year)   study duration (weeks)   smokers   duration of illness (year)   PANSS total score   outcome measures
  ---------------- ---------------- ------------------ ---------------------------------------- ----- ------------ ------------------------ --------- ---------------------------- ------------------- --------------------------------
  Shiina 2010      tropisetron      10                 risperidone                              40    18-55        8                        27.5%     10.9(7.6)                    64.6 (15.2)         PANSS, QLS
  Noroozian 2013   tropisetron      10                 risperidone                              40    45.1 (9.9)   8                        unclear   \> 2                         46.6 (2.8)          PANSS, ANOVA
  Umbricht 2014    RG3487           5, 15, 50          aripiprazole, risperidone paliperidone   215   21-48        8                        76.7%     unclear                      ≤ 70                MCCB, SANS
  Keefe 2015       encenicline      0.27, 0.90         unclear                                  317   18-55        12                       56.7%     unclear                      unclear             PANSS, MCCB
  Walling 2015     TC-5619          5, 50              unclear                                  477   18-65        24                       55%       unclear                      unclear             PANSS, CogState OCI, SANS, CSB
  Jeon 2016        varenicline      2                  unclear                                  59    20-55        8                        100%      \> 2                         ≤75                 PANSS, SANS, HAM-D
  Smith 2016       varenicline      2                  unclear                                  87    33.8 (6.4)   8                        100%      unclear                      57.46 (16.79)       PANSS
  Haig 2016        ABT-126          10, 25             unclear                                  203   18-60        12                       74.9%     unclear                      unclear             MCCB, PANSS

**QLS: Quality of life scale**

**ANOVA: analysis of varivance**

**CogState OCI: CogState overall cognition index**

**HAM-D: Hamilton depression scale**

###### 

Risk of bias summary

  Study            Random sequence generation (selection bias)   Allocation concealment (selection bias)   Blinding of participants and personnel (performance bias)   Blinding of outcome assessment (detection bias)   Incomplete outcome data (attrition bias)   Selective reporting (reporting bias)   other bias
  ---------------- --------------------------------------------- ----------------------------------------- ----------------------------------------------------------- ------------------------------------------------- ------------------------------------------ -------------------------------------- ------------
  Shiina 2010      low                                           Unclear                                   Low                                                         Low                                               Low                                        Low                                    Unclear
  Noroozian 2013   low                                           unclear                                   Low                                                         Low                                               Low                                        Low                                    Unclear
  Umbricht 2014    low                                           Low                                       Low                                                         low                                               Low                                        Low                                    Unclear
  Keefe 2015       low                                           unclear                                   low                                                         unclear                                           low                                        low                                    Unclear
  Haig 2016        low                                           low                                       low                                                         low                                               unclear                                    low                                    Low
  Jeon 2016        low                                           Unclear                                   Low                                                         Low                                               Low                                        Low                                    Low
  Smith 2016       low                                           Unclear                                   Low                                                         Low                                               Low                                        Low                                    Unclear
  Walliing 2016    low                                           unclear                                   low                                                         low                                               low                                        low                                    unclear

###### 

Summary of meta-analysis and GRADE assessments of quality of data

  ----------------------------------------------------------------------------------------------------------------------------------------------
  outcome measure     number of studies\   Heterogeneity   Total effects   Measure compared   95%CI   GRADE result                    
                      (pooled sample)                                                                                                 
  ------------------- -------------------- --------------- --------------- ------------------ ------- -------------- ---------------- ----------
  Cognition           5(1278)              88%             \<0.00001       0.57               0.57    SMD=-0.1       \[-0.46,0.25\]   moderate

  Negative symptoms   8(1438)              64%             0.002           1.52               0.13    SMD=0.13       \[-0.04,0.30\]   Moderate

  Adverse events      4(1212)              49%             0.12            0.20               0.84    OR=1.02        \[0.85, 1.23\]   high

  Dropouts rates      4(1212)              0%              0.87            0.15               0.88    OR=1.04        \[0.61, 1.78\]   high
  ----------------------------------------------------------------------------------------------------------------------------------------------
